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Rapid identification of Escherichia coli O157:H7 is important for patient management and for prompt
epidemiological investigations. We evaluated one in-house method and three commercially available kits for
their ability to extract E. coli O157:H7 DNA directly from stool specimens for PCR. Of the 153 stool specimens
tested, 107 were culture positive and 46 were culture negative. The sensitivities and specificities of the in-house
enrichment method, IsoQuick kit, NucliSens kit, and QIAamp kit were comparable, as follows: 83 and 98%, 85
and 100%, 74 and 98%, and 86 and 100%, respectively. False-negative PCR results may be due to the presence
of either inherent inhibitors or small numbers of organisms. The presence of large amounts of bacteria relative
to the amount of the E. coli O157:H7 target may result in the lower sensitivities of the assays. All commercial
kits were rapid and easy to use, although DNA extracted with the QIAamp kit did not require further dilution
of the DNA template prior to PCR.

PCR has become a very rapid and reliable tool for the
molecular biology-based diagnosis of a variety of infectious
disease (9). PCR has been applied for the detection of micro-
organisms from microbial cultures and tissues and directly
from clinical samples. Fecal specimens are among the most
complex specimens for direct PCR testing due to the presence
of inherent PCR inhibitors that are often coextracted along
with bacterial DNA (2, 28, 33). Potential PCR inhibitors found
in stool specimens include heme, bilirubins, bile salts, and
complex carbohydrates (6, 19, 24, 28, 32). Few studies have
evaluated or compared simple DNA extraction methods that
would facilitate and improve the sensitivity of PCR detection
of enteric pathogens from fecal specimens (3, 5, 18, 19, 21, 28,
32).

Conventional methods for the detection and identification
of Escherichia coli O157:H7 include growth of non-sorbitol-
fermenting E. coli colonies on sorbitol MacConkey agar cul-
ture (SMAC), followed by serological confirmation with O157-
and H7-specific antisera (16). Culture alone can be insensitive,
especially for the detection of small numbers of E. coli O157:
H7, and it is unable to detect non-O157 verotoxin-producing
E. coli (25, 30). Recent studies have shown that enzyme-linked
immunosorbent assays may be more sensitive than culture and
are able to detect verotoxins or specific serotype antigens (7,
25). Our previous work has documented the use of multiplex
PCR for the detection of E. coli O157:H7 and verotoxin-pro-
ducing, non-O157 E. coli strains that are not readily detected
by conventional culture and has documented its ability to pro-
vide rapid same-day results (22, 23). In this study, three com-
mercially available DNA extraction kits and one in-house
method were evaluated for their abilities to yield amplifiable
DNA for the PCR detection of E. coli O157:H7 directly from
clinical stool specimens in comparison to the abilities of stan-
dard culture methods to detect E. coli O157:H7. Each method

was also evaluated for its ease of use, cost per test, and overall
sensitivity and specificity. A more rapid, simple, and sensitive
technique for direct detection of E. coli O157:H7 from stool
specimens would greatly expedite the laboratory detection of
this important enteric pathogen.

(This paper was presented in part at the 39th Interscience
Conference on Antimicrobial Agents and Chemotherapy, 26 to
29 September 1999, San Francisco, Calif. [J. L. Holland, L.
Louie, A. E. Simor, and M. Louie, Abstr. 39th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 1566, p. 224, 1999].)

MATERIALS AND METHODS

Bacterial strains and clinical stool specimens. Strain CL8, a well-character-
ized E. coli O157:H7 strain, was used for the seeding experiments and as the
PCR-positive control. It is known to harbor the VT1, VT2, and the eaeA genes
(22). A non-O157:H7 E. coli strain, ATCC 25922, was used as the PCR-negative
control.

Stool specimens (n 5 107) which grew non-sorbitol-fermenting E. coli colonies
on SMAC and which were suspected to be E. coli O157:H7 positive were col-
lected from patient specimens submitted for workup for gastroenteritis. Stool
specimens (n 5 46) known to be culture negative for enteric pathogens including
E. coli O157:H7 were also collected for testing. All samples, from two private
community-based laboratories and a tertiary-care hospital-based laboratory,
were received anonymously with no identifying patient demographic information
and were inspected upon receipt for consistency and the presence of gross blood.
Duplicate samples from the same patient on the same day were excluded. Each
stool sample was gently mixed, aliquoted into 500-ml volumes, and stored at
270°C prior to testing. Of the stools tested, 36% had been frozen for up to 2
years, 49% had been frozen for up to 1 year, and 15% had been frozen for up to
3 months or were used immediately. A different aliquot of each frozen stool
specimen was used for each DNA extraction method.

Sensitivity testing. To estimate the sensitivity of each DNA extraction method,
seeding experiments were performed in triplicate with three different liquid stool
samples that were culture negative for E. coli O157:H7. Culture-negative, liquid
stool specimens were seeded with dilutions of E. coli O157:H7 strain CL8
prepared in phosphate-buffered saline, ranging from 101 to 108 CFU/ml. A
500-ml volume of each dilution of strain CL8 was added to 100 ml of stool, and
the components were mixed by vortexing. The seeded stool was centrifuged at
16,000 3 g for 5 min, and the supernatant was removed. DNA was extracted from
the pellet by the in-house enrichment method and the three commercial methods
as described below. The dilutions of CL8 were inoculated onto blood agar plates,
and the plates were incubated overnight to verify the bacterial inoculum used for
seeding of the stools.

E. coli O157:H7 identification and confirmation. Approximately 50 ml from
both clinical and seeded stool specimens was inoculated and streaked onto
SMAC plates for semiquantitative analysis. The growth of non-sorbitol- and
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sorbitol-fermenting colonies was quantified as 6, 11, 21, or 31, depending on
the degree of growth by quadrant (6, growth in primary inoculum; 11, growth
in first quadrant, etc.). Several isolated, non-sorbitol-fermenting colonies were
picked and subcultured onto 5% sheep blood agar plates for overnight incuba-
tion at 37°C. Organisms which were identified as E. coli with the Vitek GNI card
(bioMérieux Vitek Inc., Hazelwood, Mo.) were then tested with O157 and H7
antisera (Difco, Detroit, Mich.) according to the manufacturer’s instructions. For
PCR-positive but culture-negative specimens, several sorbitol-fermenting colo-
nies were similarly selected and tested serologically for the presence of O157 and
H7 antigens.

DNA extraction. The commercial kits included the IsoQuick nucleic acid
extraction kit (Orca Research, Bothell, Wash.), the NucliSens kit (Organon
Teknika, Boxtel, The Netherlands), and the QIAamp DNA mini kit (Qiagen,
Hilden, Germany). A 500-ml aliquot of the stored stool specimen was thawed at
room temperature, and all DNA extractions were performed according to the
manufacturers’ instructions, with minor adjustments as described below. Subse-
quent PCR amplification with the DNA templates was performed blindly to
minimize bias from culture results.

In-house enrichment method. A stool specimen (100 ml) was inoculated into
2 ml of tryptic soy broth and was incubated by shaking at 250 rpm and 37°C for
4 h. A volume of 1.8 ml of the mixture was transferred to a clean tube, and the
tube was centrifuged at 14,000 3 g for 5 min. The resultant pellet was resus-
pended in a volume of 150 ml of Triton X-100 lysis buffer (100 mM NaCl, 10 mM
Tris-HCl [pH 8.3], 1 mM EDTA [pH 9], 1% Triton X-100 [Sigma Chemical Co.,
St. Louis, Mo.]) (27). The sample was then boiled for 10 min, cooled, and
centrifuged at 16,000 3 g for 1 min. A 50-ml aliquot of the supernatant was
removed and reserved as the PCR template.

IsoQuick nucleic acid extraction kit. A stool specimen (100 ml) was centri-
fuged at 16,000 3 g for 5 min, and the supernatant was removed. Reagent buffer
was added to the stool pellet to a volume of 100 ml, and the pellet was resus-
pended by vortexing and pipetting. The specimen was lysed for 20 min, followed
by DNA separation and alcohol precipitation. The final DNA pellet was dried
and resuspended in 50 ml of sterile, distilled H2O for use as the PCR template.

NucliSens kit. A stool specimen (100 ml) was added to 900 ml of lysis buffer
and the components were mixed by vortexing. The sample was then allowed to
lyse for 1.5 h, with inversion of the microcentrifuge tube every 0.5 h, and was
centrifuged at 300 3 g for 1 min to separate unlysed and coarse material from the
rest of the specimen. Free silica was then added to the sample, and the bound
DNA was washed. A 50-ml volume of elution buffer was added, and after cen-
trifugation, a 5-ml aliquot was removed and reserved as the PCR template.

QIAamp DNA mini kit: tissue protocol. A stool sample (100 ml) was lysed with
buffer ATL (Qiagen) and proteinase K for 2 h at 55°C and then with buffer AL
for 10 min at 70°C. The sample was then centrifuged and anhydrous ethanol was
added to the supernatant. The sample mixture was then passed through the
QIAamp kit column, followed by two washes with buffers AW1 and AW2 (Qia-
gen). The DNA was eluted in a volume of 200 ml of elution buffer, which was
passed through the same column twice.

PCR amplification. The primer sequences used for PCR are shown in Table 1.
The VT1 primers amplify DNA from VT1-producing E. coli strains, while the
VT2 primers amplify DNA from VT2- and VT2 variant-producing E. coli strains
(11). The O157 serotype-specific eaeA primers are based on the unique 39 end of
the E. coli O157 eaeA gene sequence (22). Multiplex PCRs were performed in a
25-ml final reaction volume, which was as follows: primers VT1, VT2, and eaeA
(Life Technologies, Gibco BRL, Burlington, Ontario, Canada) at concentrations
of 0.2, 0.2, and 0.8 mM, respectively; each deoxynucleoside triphosphate at a
concentration of 200 mM; 13 PCR buffer (10 mM Tris-HCl [pH 8.3], 50 mM
KCl, 0.001% gelatin); 1.5 mM MgCl2; 2.5 U of Taq polymerase (Roche Molec-
ular Systems, Mississauga, Ontario, Canada); and 1 ml of template DNA. Cycling
conditions in a GeneAmp 9600 Thermocycler (Perkin-Elmer Cetus, Norwalk,
Conn.) were as follows: 94°C for 2 min; 30 cycles of 94°C for 30 s, 56°C for 30 s,
and 72°C for 30 s; and extension at 72°C for 10 min. PCR amplicons were run on

a 1% agarose gel, stained with ethidium bromide, and visualized under UV
illumination.

Inhibition studies. E. coli O157:H7 culture-positive and PCR-negative speci-
mens were analyzed for stool-derived PCR inhibitors by a PCR assay which
amplified a conserved 16S bacterial RNA gene (rDNA) sequence. Primers 16S-F
and 16S-R (Table 1) were designed on the basis of the 16S rDNA sequence of E.
coli (Genbank accession no. J01859) (8). PCR was performed by using each
primer at a concentration of 0.2 mM and the cycling conditions described above.
DNA templates that yielded a strong positive 16S rDNA gene product but that
were multiplex PCR negative for E. coli O157:H7 were assumed to be negative
for reasons other than inhibition and were not tested further. DNA templates
that yielded negative 16S rDNA PCRs were diluted 1:10 with sterile distilled
H2O, and PCRs for E. coli O157:H7 and 16S rDNA were repeated.

PCR inhibition by normal enteric flora. To see if the overgrowth of enteric
flora interfered with the yield of amplifiable E. coli O157:H7 DNA, the sensitivity
of each method was determined for specimens grouped by the relative growth of
sorbitol-fermenting colonies compared to that of non-sorbitol-fermenting colo-
nies as follows: growth of sorbitol-fermenting colonies . growth of non-sorbitol-
fermenting colonies, growth of sorbitol-fermenting colonies , growth of non-
sorbitol-fermenting colonies, growth of sorbitol-fermenting colonies 5 growth of
non-sorbitol-fermenting colonies, and presence of non-sorbitol-fermenting col-
onies only. Since seeding studies showed that successful PCR detection required
at least growth of 1 1 non-sorbitol-fermenting colonies (;103 to 104 /g of stool)
on SMAC, those specimens that had only 6 growth of non-sorbitol-fermenting
colonies on SMAC were removed from this analysis.

RESULTS

Seeding experiments. By multiplex PCR, the limit of detec-
tion of seeded E. coli O157:H7 strain CL8 was 104 CFU/g of
stool for the in-house enrichment, IsoQuick kit, and QIAamp
kit and 105 CFU/g of stool for the NucliSens kit (Fig. 1). None
of the PCRs with seeded specimens were inhibited, as each
sample amplified the 16S rDNA product when the 16S rDNA-
specific primers were used. Stool samples seeded with CL8 at
concentrations of 101 to 102, 103 to 104, 105 to 106, and 107 to
108 CFU/g of stool correlated with the 6, 11, 21, and 31
growth of non-sorbitol-fermenting colonies on SMAC, respec-
tively.

Clinical specimens. All 153 stool specimens were received
in liquid form, of which 10 specimens were visibly stained
with blood. Of the 153 stool specimens tested, 104 were E. coli
O157:H7 culture positive, 3 were E. coli O157:H2 culture pos-
itive, and 46 were culture negative, as determined by O157 and
H7 serology. Sorbitol-fermenting colonies picked from culture-
negative but PCR-positive specimens were negative by O157
and H7 serology.

PCR detection of E. coli O157:H17. Multiplex PCRs were
considered positive for E. coli O157:H7 when either one or
both of the verotoxin genes was amplified along with the eaeA
gene. The detection of only verotoxin genes might indicate the

TABLE 1. Primers used in multiplex PCR for amplification of VT1,
VT2, and eaeA gene sequences and in PCR inhibition studies

Primer Oligonucleotide sequence
(59339)

Size of
amplicon
product

(bp)

Refer-
ence

VT1 (SLT1)-F ACA CTG GAT GAT CTC AGT GG 614 11
VT1 (SLT1)-R CTG AAT CCC CCT CCA TTA TG
VT2 (SLT2)-F CCA TGA CAA CGG ACA GCA GTT 779 11
VT2 (SLT2)-R CCT GTC AAC TGA GCA CTT TG
eaeAO157:H7-F AAG CGA CTG AGG TCA CT 450 22
eaeAO157:H7-R ACG CTG CTC ACT AGA TGT
16S-F AGA GTT TGA TCA TGG CTC AG 798 8
16S-R GGA CTA CCA GGG TAT CTA AT

FIG. 1. Representative gel showing multiplex PCR amplification of DNA
extracted with the QIAamp kit from dilutions of E. coli O157:H7 strain CL8
seeded into culture-negative stool specimens. Lanes 1 and 13, 123-bp DNA size
marker (Life Technologies, Gibco BRL); lanes 2 to 9, CL8-seeded stool at serial,
10-fold, decreasing concentrations of 107 to 100 CFU/g of stool; lane 10, positive
control strain E. coli O157:H7 strain CL8; lane 11, negative control strain E. coli
ATCC 25922; lane 11, PCR assay reagent control (no template DNA).
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presence of other verotoxin-producing E. coli serotypes, which
would otherwise not be detected by conventional culture. The
same combination of amplified genes was displayed when two
or more DNA extraction methods yielded a positive multiplex
PCR result. Of the 107 culture-positive specimens, 83% (89 of
107) were PCR positive for the VT1, VT2, and eaeA genes, 8%
(9 of 107) were PCR positive for the VT2 and eaeA genes, and
3% (3 of 107) were PCR positive for the VT1 and eaeA genes
only. Of the six remaining culture-positive specimens, all ex-
cept one were PCR negative; the one exception was PCR
positive only for the VT1 and VT2 genes. All except one of
these PCR-negative specimens had only 6 growth of non-
sorbitol-fermenting colonies; the one exception had 21 growth
of non-sorbitol-fermenting colonies.

Of the culture-positive specimens, 67 (63%) specimens were
PCR positive and 6 (5%) were PCR negative by all four DNA
extraction methods. Of the remaining 34 (32%) culture-posi-
tive specimens, not all the extraction methods yielded positive
PCR results for the same specimens. For six specimens, PCR
results were positive by only one method (four were positive by
the in-house enrichment method and one each was positive
with the IsoQuick and QIAamp kits). PCR was positive by
three methods for 21 specimens, and PCR was positive by two
methods for 7 specimens (Table 2).

Of the 46 culture-negative specimens, one specimen with
growth of 21 sorbitol-fermenting and 31 non-sorbitol-fer-
menting colonies was PCR positive for VT2 and eaeA by use of
DNA extracted by the in-house enrichment method and with
the NucliSens kit. Six other specimens with 6 growth of sor-
bitol-fermenting colonies were positive for verotoxin but not
eaeA genes (VT1 in three specimens and VT1 and VT2 in
three specimens).

Table 3 shows the calculated sensitivities and specificities of
PCR with DNA extracted by each of the study methods before
and after dilution of the template DNA. All culture-positive,
PCR-negative specimens yielded a 16S rDNA product by PCR
either with undiluted DNA template (neat) or with template
DNA diluted 1:10. The sensitivity for the QIAamp kit was not
affected by further dilution of the DNA template. The sensi-
tivity for the IsoOuick kit showed the most improvement when
the template DNA of false-negative specimens was diluted
1:10 and the PCR was repeated. For the IsoOuick kit, 15% of
PCR-positive specimens required dilution of the DNA tem-
plate, while 8 and 4% of the DNA templates needed dilution
before PCR for the NucliSens kit and the in-house enrichment
methods, respectively. Overall, after dilution of the DNA tem-
plates, the sensitivities of PCR detection of E. coli O157:H7
following DNA extraction by the in-house enrichment method
and with the IsoQuick and QIAamp kits were comparable (83
to 86%). The specificities were 98 to 100% for the PCR-based
assays when culture was used as the “gold standard.”

Of the 10 blood-stained, culture-positive stool samples, 7
were PCR positive by all four methods without the need to
dilute the DNA template. All seven stool specimens had 31
growth of both sorbitol-fermenting and non-sorbitol-ferment-
ing colonies by culture. Three blood-stained, culture-positive
specimens were PCR negative for E. coli O157:H7. For one
blood-stained stool sample with 31 growth of non-sorbitol-
fermenting colonies and 6 growth of sorbitol-fermenting col-
onies, the IsoQuick and QIAamp kits were able to detect all
three genes, the VT1, VT2, and eaeA genes. The in-house
enrichment method and the NucliSens kit detected only the
verotoxin genes and not the eaeA genes for the same sample.
We have found that, in general, the multiplex PCR assay de-
scribed here yielded more intense bands for the VT2 gene,
followed by respectively less intense bands for the VT1 gene
and the eaeA gene (data not shown). For the third blood-
stained stool specimen with 11 growth of non-sorbitol-fer-
menting colonies and 6 growth of sorbitol-fermenting colonies
on SMAC, multiplex PCR for E. coli O157:H7 was positive
only by the in-house enrichment extraction method.

PCR inhibition by normal enteric flora. For each of the
DNA extraction methods, the highest sensitivities were ob-
tained when non-sorbitol-fermenting colonies were present in
pure culture (Table 4). Dilution of the template DNA was not
necessary for the QIAamp kit, regardless of the relative growth
of sorbitol-fermenting and non-sorbitol-fermenting colonies.
However, for all methods, dilution of the template was not
required when non-sorbitol-fermenting colonies were present
alone. The sensitivity was the lowest when the number of

TABLE 2. Culture-positive stool specimens with variability
in PCR results by DNA extraction method

No. of different
stool samples

Multiplex PCR result

In-house
enrichment

IsoQuick
kit

QIAamp
kit

NucliSens
kit

1 2 2 1 1
5 2 1 1 2
2 1 1 2 2

10 1 1 1 2
2 1 1 2 1
4 1 2 1 1
4 2 1 1 1

TABLE 3. Comparison of E. coli O157:H7 multiplex PCR results
with standard culture and serology results

Multiplex PCR, PCR
result, and dilution

(n 5 153)

No. of specimens

Culture
positive

Culture
negative

Sensitivity
(%)a Specificity

(%)
Neat 1:10

In-house enrichment
Positive

Neat 85 1 79 83 98
1:10 4

Negative 18 45

IsoQuick kit
Positive

Neat 77 0 72 85 100
1:10 14

Negative 16 46

QIAamp kit
Positive

Neat 91 0 85 86 100
1:10 1

Negative 15 46

NucliSens kit
Positive

Neat 73 1 68 74 98
1:10 6

Negative 28 45

a Neat, undiluted template; 1:10, template diluted 1 in 10.
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sorbitol-fermenting colonies was greater than the number of
non-sorbitol-fermenting colonies by each of the methods.
When the growth of the sorbitol-fermenting colonies was equal
to the growth of the non-sorbitol-fermenting colonies, dilution
of the template DNA was required only for the IsoQuick and
the NucliSens kits.

All DNA extraction methods were evaluated on the basis of
their sample processing time and cost, as shown in Table 5. The
tests with all three commercial kits were performed fairly
quickly, and they were simple to perform, although further
dilution of the DNA template was not required for the
QIAamp kit. The cost per test differed for each extraction kit.
The in-house enrichment method took longer to complete due
to the enrichment growth step, but it had the shortest hands-on
time and the lowest associated cost.

DISCUSSION

In this study, several commercial methods and one in-house
method were evaluated systematically for their yield of ampli-
fiable DNA. The IsoQuick kit uses the chaotropic properties of
guanidine thiocyanate for cell lysis and for inactivation of cell
nucleases. DNA is then extracted with a proprietary, noncor-
rosive reagent and alcohol precipitation. The QIAamp kit uses
proteinase K lysis followed by a silica column-based isolation
of DNA. The NucliSens kit uses guanidine thiocyanate–Triton
X-100 lysis followed by free silica-based isolation of DNA. The
in-house enrichment method includes a 4-h tryptic soy broth
enrichment of stool, followed by heat lysis with Triton X-100
lysis buffer.

The nonuniformity of stool samples in terms of physical
matter, target organisms, and associated background fecal
flora makes extraction of DNA from fecal specimens highly
variable from specimen to specimen in terms of both the yield
and the purity of the DNA (13, 19, 28, 33). False-negative PCR
results may be due to the presence of a small number of target
organisms in the volume of stool sampled and the decreased
stability of cells with storage (5). In this study, efforts were
taken to thoroughly mix each aliquot of stool for each DNA
extraction method. Studies in our laboratory have shown no
difference in PCR results when stool specimens were used
fresh or frozen at 270°C (data not shown). The limit of de-
tection for each of the methods studied was influenced to some
degree by the relative growth of normal fecal flora. Sensitivities
were much higher when non-sorbitol-fermenting colonies were
present alone or at a higher density than sorbitol-fermenting
colonies. Coextraction of other bacterial DNA from fecal sam-
ples may interfere with the efficiency of the PCR assay. Simi-

larly, Thomas et al. (31) found that the availability of verotoxin
genes for primer annealing was restricted by the relatively
large amount of nonspecific DNA derived from coliforms pres-
ent in large amounts in the the original specimen.

The multiplex PCR detection limits of 104 to 105 E. coli
O157:H7 cells/g of stool, determined by using DNA extracted
by these methods, were comparable to those reported by oth-
ers for enteric pathogens (4, 17, 18, 20, 28). The in-house
enrichment, the IsoQuick kit, and the QIAamp kit all shared
comparable sensitivities, which were in the range of 83 to 86%.
The NucliSens kit had the lowest sensitivity. Subsequent dilu-
tion of template DNA was required for 4, 15, 1, and 8% of
specimens tested by the in-house enrichment method and with
the IsoQuick kit, the QIAamp kit, and the NucliSens kit, re-
spectively. For the IsoQuick kit, the overall sensitivity in-
creased by 13% after dilutions were made. The QIAamp kit
did not require dilution of DNA templates to control for in-
hibition of the PCR. This is in contrast to Monteiro et al. (24),
who found that the selective binding characteristics of the
QIAamp kit only partially removed PCR inhibitors. In their
study, PCR inhibitors persisted in 63% (10 of 16) of samples
and dilutions of at least 1:2 and 1:10 were necessary to remove
their effects for the detection of Helicobacter pylori. In our
study, the incorporation of an additional wash buffer as rec-
ommended by Qiagen might have aided in the removal of
inhibitors. Other studies have also observed that the direct
PCR detection of organisms from fecal specimens required
greater dilution of the original DNA template (2, 14, 28).

Improvement of the limit of detection by each of these
methods might still be enhanced by a number of other vari-
ables. PCR sensitivities may have been improved for the com-
mercial kits if broth enrichment for E. coli O157:H7 in stools
was performed prior to DNA extraction. Incorporation of se-
lective and inhibitory agents for E. coli O157:H7 and other
fecal flora, respectively, might further increase the yield of the
desired target DNA upon extraction. Studies have also shown
that selective enrichment by culture of the target microorgan-
ism, with or without immunomagnetic separation, increases
the overall yield of desirable DNA and consequently improves
the recovery by PCR (18, 29, 32, 34). Another consideration is
the addition of carrier nucleic acid, such as yeast tRNA, during
the extraction process to increase the recovery of small
amounts of DNA (10). Other studies have shown that the limit
of detection of amplified PCR products was improved 10- to
100-fold when Southern blot hybridization with labeled probes
was used compared to the limit of detection by visualization of
amplified products by ethidium bromide staining of agarose
gels (17, 20). In another study, Shetab et al. (26) used a phenol-
chloroform extraction method followed by PCR and detected
102 to 103 Bacteroides fragilis cells/g of stool, using a DNA
template volume of 10 ml instead of 1 ml. Similarly, Caeiro et
al. (3) detected 102 to 103 enterotoxigenic E. coli cells/g of stool
when 10 ml of DNA template was used in a 100-ml PCR

TABLE 5. Overall comparison of the DNA extraction kits
with respect to time and cost

Test Time to
completion (h)

Hands-on
time (min)

List price/
specimena

IsoQuick kit 1.5 40 2.00
NucliSens kit 1.5 40 17.45
QIAamp kit 1 30 2.30
In-house enrichment 4.5 20 0.50

a Does not include the cost of the PCR; prices are in Canadian dollars.

TABLE 4. Influence of competing enteric flora on sensitivity
of PCR detection of E. coli O157:H7

Relative growth of
SF and NSF on

SMACb

Sensitivitya (%) by method of DNA extraction

In-house
method

IsoQuick
kit

QIAamp
kit

NucliSens
kit

Neat 1:10 Neat 1:10 Neat 1:10 Neat 1:10

SF . NSF (nc 5 4) 25 50 50 75 25 25 25 25
SF , NSF (n 5 21) 71 76 67 90 86 86 62 67
SF 5 NSF (n 5 62) 90 94 76 89 90 92 71 79
NSF (n 5 14) 93 93 93 93 93 93 93 100

a Sensitivity was determined with undiluted (neat) and diluted (1:10) DNA
template.

b Non-sorbitol-fermenting colonies (NSF) were all identified as E. coli
O157:H7 or E. coli O157:H2. SF, sorbitol-fermenting colonies.

c n, number of specimens.
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mixture. One limitation of our study was that the sensitivity
of each method was not evaluated with a larger aliquot of
the diluted template and an increased volume of the PCR
mixture.

The presence of blood did not appear to inhibit the PCR
according to the results of our study. Blood has been impli-
cated by others as a major inhibitor of PCR amplification;
however, certain Taq polymerases can amplify DNA in the
presence of blood should this be a problem (1). Of the 10
blood-stained stool samples that we tested, PCR was able to
amplify either E. coli O157:H7 targets or the 16S rDNA prod-
uct, suggesting that the DNA extraction methods were suffi-
cient for removal of the inhibitory heme elements. Three
blood-stained, culture-positive, but PCR-negative specimens
yielded 16S rDNA when the neat DNA templates were used.
For one specimen, negative results by all four methods of DNA
extraction may be attributed to small numbers of E. coli
O157:H7 since culture on SMAC showed a 6 growth of non-
sorbitol-fermenting colonies. For another blood-stained, PCR-
positive sample with only 11 growth of non-sorbitol-ferment-
ing colonies, prior enrichment by the in-house enrichment
method may have increased the absolute numbers of E. coli
O157:H7, giving a higher yield of target DNA.

As in other studies, DNA extracted from specimens culture
positive and PCR negative for E. coli O157:H7 were amplified
with bacterial 16S rDNA primers to ensure the presence of
amplifiable DNA (12, 13). Our E. coli O157:H7 multiplex PCR
assay for the VT1, VT2, and eaeA genes was not multiplexed
with the 16S rDNA primers due to concern for decreased
amplification signals for the verotoxin and eaeA gene products
with multiple primers. Ibrahim et al. (15) found that coampli-
fication of a 16S rDNA fragment was less efficient in the
presence of the yst target for the detection of Yersinia, which
was thought to be attributed to the differences in the melting
temperatures of the primer pairs used. Although the occur-
rence of false-negative results for specimens due to inherent
fecal inhibitors was expected to be uncommon, an improve-
ment to our study would have been to include a standardized
internal control in the multiplex PCR. The efficiency of the 16S
rDNA PCR was greater than that of the E. coli O157:H7 PCR
due to the expansive rDNA target provided by the coextracted,
background microflora. As a result, inhibition might have in-
terfered with amplification of the VT1, VT2, and eaeA genes
but still allowed a successful 16S rDNA amplification.

Attempts were not made to determine what specific inhibi-
tory components in the stool specimens contributed to false-
negative PCRs overall. For a number of specimens dilution of
the final DNA template was still required to reduce the effects
of the inherent inhibitors. Continued work on the identifica-
tion of these inhibitory substances and the development of
methods for their removal are important. More work is also
needed to optimize the extraction process to increase the yield
of desired bacterial DNA and to reduce the presence of com-
peting DNA from coexisting microflora.

Other considerations in choosing a fecal processing method
for PCR include ease of use, cost, and time to completion. As
shown in Table 5, the in-house enrichment method could be
performed easily and economically with minimal hands-on
time, although the 4-h broth enrichment step increased the
total time to completion. Without this step, seeding studies
yielded a sensitivity limit of only 107 CFU/g of stool (data not
shown). The test with the QIAamp kit was very rapid, and its
silica column was simple to use for washing and elution of
bound DNA. The test with the IsoQuick kit was slightly more
involved, requiring a DNA precipitation step and about 40 min
of hands-on time. Given that 15% of PCR-positive samples

required dilution when the IsoQuick kit was used, a resuspen-
sion volume greater than the recommended 100 ml would ben-
efit the sensitivity of this method. Optimization of the elution
or resuspension volume to give the greatest PCR sensitivity
would eliminate the need for subsequent dilution of the tem-
plate and repeat PCR assays. The poor sensitivity of the Nucli-
Sens kit might be the result of incomplete lysis of stool com-
ponents, which interfered with the subsequent binding and
elution of bacterial DNA. Lack of sufficient sample lysis was
possibly due to the absence of an enzymatic digestion step in
the protocol. Also, in comparison to the QIAamp kit, the
washing steps required with the NucliSens kit were lengthy due
to the frequent resuspension of free silica.

In summary, although all the commercial kits were fairly
easy to use, the QIAamp kit had the highest sensitivity and
required the least manipulation of template DNA prior to
PCR. The in-house enrichment protocol also performed well
and at a much lower cost per test. Development of a rapid
procedure for extraction of DNA from stool specimens that
reduces hands-on time is needed to make PCR detection of
enteropathogens more practical for routine laboratory use.
The ideal DNA extraction protocol would provide the highest
yield of DNA with minimal coextraction of potential inhibitors,
coupled with a simple and rapid procedure.
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